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Baryogenesis problem
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• Fact:The universe around us has excess matter 
over antimatter 

• Baryon-Antibaryon asymmetry with symmetric 
initial conditions. 

• Sakharov Conditions:  
1. C&CP violation 
2. B violating processes 
3. Thermal inequilibrium



Finite Temperature Effective 
Potential
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• Need Effective Potential V to talk about vev as its 

minimum. 
• Tree level V gets corrections at 1-loop 
• Captured by Coleman-Weinberg calculation 
• Finite temperature:virtual interactions with plasma 
• Imaginary Time formalism to modify potential



10 second crash course in FTFT
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Notes on Finite Temperature e↵ects to the Higgs Potential

January 24, 2015

1 Introduction

We set out to calculate the full finite temperature potential for a scalar field theory with
quartic coupling. The tree level 0 temperature potential is

V
tree

= �µ2

2
h2 +

�

4
h4 (1)

however in applications to phase transitions it is important to consider one-loop e↵ects.
After summing over any number of vertices in one loop, we have

V
CW

=
1

2

Z
d4k

(2⇡)4
Log[k2

E

+M2] (2)

where

M2 =
d2V

tree

[h]

dh2
(3)

In finite temperature field theory we take

Z
dk4
2⇡

f(k4) ! T
X

n

f(k4 = i!
n

),!
n

= 2⇡nT (4)

we shall use p to represent the 3d part of k. substituting and di↵erentiating w.r.t to M2

to easily do the n sum we get

dV
CW

d(M2)
=

T

2

Z
d3p

(2⇡)3

X

n

1

p2 + !2
n

+M2
(5)

after summing over n and integratiing over M2 we get,

V
CW

= V T=0
CW

+ V T=0
CW

(6)

where

V T=0
CW

=
1

(2⇡)3

Z
d3p

p
p2 +M2 (7)
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1 Introduction

We set out to calculate the full finite temperature potential for a scalar field theory with
quartic coupling. The tree level 0 temperature potential is

V
tree

= �µ2
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�

4
h4 (1)

however in applications to phase transitions it is important to consider one-loop e↵ects.
After summing over any number of vertices in one loop, we have
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after summing over n and integratiing over M2 we get,

V
CW
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CW

+ V T 6=0
CW

(6)

where

V T=0
CW

=
1

(2⇡)3

Z
d3p

p
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1

and

V T 6=0
CW

=
T

2⇡2

Z
dpp2 log[1� exp[��

p
p2 +M2]] (8)

V T=0
CW

is the original T independent Coleman Weinberg Potential we know and love
while V T

CW

is the finite temperature potential. While the former term has just one mass
scale M2 , the latter has two ; M2 and T 2 and in regions of h space where M2 is
small compared to T 2 the one loop temperature dependent one-loop correction to the
mass can be much larger than M2 itself. Hence some terms in the two loop potential
actually contribute comparable to the first loop potential and these terms can be taken
into account by including the one-loop generated temperature dependent mass as a
correction to the mass matrix that generates the 1-loop CW potential.ie replace M2

with M2 + ⇧1(T ) Towards this we compute the temperature dependent 1-loop mass
correction in section 3. For this we would need certain artefacts of the 1-loop zero
temperature potential which we shall compute in section 2.

2 0-temperature Coleman-Weinberg potential

V T=0
CW

=
1

(2⇡)3

Z
d3p

p
p2 +M2 (9)

In cut-o↵ regularization,

V T=0
CW

=
M4

64⇡2
(log[

M2

⇤2
]� 1

2
) +

M2⇤2

32⇡2
(10)

we need counter terms to cancel divergences,

V
CT

= �µ2
CT

2
h2 +

�
CT

4
h4 (11)

with the renormalization conditions,

(
d2(V T=0

CW

+ V
CT

)

dh2
)
h=v

= 0 (12)

and

(
d(V T=0

CW

+ V
CT

)

dh
)
h=v

= 0 (13)

we get

µ2
CT

= � 3�

16⇡2
(�⇤2 + 3µ2 log[

2µ2

⇤2
]) (14)

and

�
CT

= � 9

16⇡2
(�2(1 + log[

2µ2

⇤2
])) (15)
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Good old CW potential

Imaginary time formalism 
replacement

Splits neatly into T-dependent 
and T-independent parts



Break down of P.T :Conventional wisdom
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3 Calculate the temperature dependent 1-loop polarization

V T 6=0
CW

=
T 4

2⇡2
J
B

(
M2

T 2
) (16)

and in the high temperature limit,

J
B

(
M2

T 2
) = �⇡2

45
+

⇡2

12

M2

T 2
� ⇡

6
(
M3

T 3
) (17)

Calculate ⇧1(T ) as But this is just

⇧1(T ) =
d2V T

CW

dh2
(18)

substituting expression for V T

CW

we get ⇧1(T ) = R1 +R2 where

R1 =
M2(d2

h

M2)

4⇡2

Z 1

1
dx

p
x2 � 1

exp[�x
p
M2]� 1

(19)

and

R2 = �(d
h

M2)2

8⇡2

Z 1

1
dx

p
x2 � 1(�1 + exp[�x

p
M2](1 + �x

p
M2))

(exp[�x
p
M2]� 1)2x2

(20)

It might be instructive to look at the origin of R1 and R2 before isolating the temperature
dependent part and the sum over Matsubara frequencies ie. do

d2V
CW

dh2
= S1 + S2 (21)

and remember that R1 comes from S1 and R2 from S2

S1 =
1

2(2⇡)4

Z
d4k

(d2
h

M2)

k2 +M2
(22)

and

S2 = � 1

2(2⇡)4

Z
d4k

(d
h

M2)2

(k2 +M2)2
(23)

and hence R1 and R2 seem to contribute to the feynman diagrams A and B respectively

4 Calculate the temperature dependent 2-loop polarization

the 2-loop contributions to the polarization come from the following diagrams(ignoring
for the moment, contributions from the 4-point function after vev-ing two external legs)
Display diagrams 2a 2b 2c and 2d

⌃2a = �
(s0 + s

�

)(j0 + j
�

)

18�
(24)
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In the high T limit,

6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(35)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(36)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(37)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (38)
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• the one loop generated thermal mass is much larger 
than the tree level mass. 

• Break down in P.T.  
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6 p 1n(co„,p) =n(0) =3k Tg f (2n. ) a) +p +m'"(0)
In our problem, where the field is not massless, we ex-

pect to get a nonzero contribution from the ring dia-
grams in the ultrarelativistic limit m (v)/T « 1. We will
proceed by analogy with the massless case and obtain the
polarization tensor as a function of the propagator, which
has an efFective-mass-squared rn (v)+n'"(0) (see Fig. 5).
We will show explicitly that the ring diagram contribu-
tion is small unless m (v)/T « 1, and, therefore, that it is
sufficient to take the limit m(v)/T «1 in n'"(0) and
m(0).
The one-loop polarization tensor is given by

t/(P + rrt'(&) + ie)

t/(p + rn (v) + tr( }(P)+ je)

FIG. 5. Resummed polarization tensor.

T2
4

m(0)=A, 1+0 T (12)

"'( k}= '"(0)=3k,T g d3 1

(2m. ) co„+q +rn (v)

T 1+0 m (v)
4 T (10)

Summing over N we obtain

n(co„,k) =m(0)
d=uTy
(2m) co„+p +m (v)+n'"(0)

From Eqs. (10) and (ll) it is clear that it is sufficient to
drop terms of 0(m(v)/T} in m'"(0). These terms are
not important unless m (v)/T- 1, but in that case
m'"(0)-km (v), which is small compared to m (v}.
Therefore, these corrections do not contribute to Eq. (11).
With m'"(0) =A,T /4, we can expand Eq. (11) in m (v)/T
to obtain

Finally, substituting Eq. (12) into Eq. (9) gives the result
for the effective potential. After making this substitution,
we see that we can take the zeroth-order result in Eq.
(12), as well. The argument of the logarithm in Eq. (9) is

P ~ co„+p +m (v)+A, 1+0T2 m(v)
4 T

As in the previous discussion about n' "(0), if
m(v)/T-1 so that the corrections are not small, then
n(0)-Am (v), which is small relative to m (v) and does
not contribute to the argument of the logarithm in Eq.
(9). In this case, Eq. (9) becomes V( v ),s - V ( v )„„+V, ( v )
[see Eqs. (2) and (3)]. Thus, if m (v)/T —1, then
V(v)„„s-0. We conclude that we can use the zeroth-
order result for the polarization tensor n (0)=A,T /4
everywhere in our calculation of the ring diagrams, since
this approximation is good in the regime in which the
ring diagrams give a nonzero contribution. Thus we have

V(v)=V(v), „„+—,'Tg f ln P co„+p~+rn (v)+A,
17

(13)

It is straightforward to verify that we have obtained the sum of the tree potential, and the one loop and the ring dia-
gram contributions to the potential. We separate these contributions analytically by writing

D '(co„,p)=DO '(a)„,p)+n(0)=DO '(co„,p)[)+Do(co„,p)n(0)],
Do '(co„,p)=co„+p +m (v) .

Equation (9) becomes
3

V(v)= V(v)„„+—,'T g f tln[P Do '(co„,p)]+In[@ ()+Dc(co„,p)m(0))]]
(2m }

3 oo=V(v)„„+V, (v)——,
' T g f g —[—Do(co„,p)n(0)]

n ~ N=l
=V(v)„„+Vi(v)+ V(v)„.„s, (14)

where
3 oo

V(v)„„= ,'T g f P3 g———[—Do(co„,p)m(0)](2n. )' ~=, &
(15)

I

(see Fig. 6).
Doing the integrations in Eq. (15), we obtain

V(v)„„=— [[m (v}+~(0)] ~ —m (v) j .
T (16}



Ring Terms 
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FIG. 2. Ring diagrams.

cv2 )(,v 1 4( }1
m(v)

64m™v n
2c

21Ac v 27k, v"+
6477 1287/

V(o)(v) =—

(6)

where P=1/T. In the limit that m(v)/T is small this
can be expanded as

T4 H+ m (v) m (v)
24T 12mT

m~(v}
1
m (v) m ( V}

32rr T4 4n T T4 (8)

The finite-temperature part of Eq. (3) is

V(+(v) = fdk k ln(1 exp—[—P[k +m (v)]'~ ] ),= T
2

(7)

We note that the term proportional to m (v)ln[m(v)]
cancels between the V(& '(v) and V'( )(v) contributions.
This cancellation also occurs in the standard model.
Now we will show that the next-higher-order correc-

tion is not the two-loop term but the ring diagram contri-
bution (Fig. 2), which is of order A, ~ . It is well known
that the ring diagrams give such a contribution for mass-
less fields, and therefore it seems likely that an order-A,
term will contribute in the limit of small m (v)/T. Physi-
cally, the ring diagrams give contributions from long-
distance effects. In this problem they can be obtained by
going beyond the mean-field approximation at the one-
loop level.
Previously, we shifted the one-point function

P(x)=v+g(x), where P(x) and y(x) are quantum fields
and v is a c number. If we stop at this point, we can ex-
tremize the effective potential with respect to v and ob-
tain the mean-field value of ( v ):

5V(v)
5v „(„)

To go beyond the mean-field level, we need to consider
the effective potential as a function of both v and the
two-point function m(co„,p), and extremize with respect
to v and rr(c)„,p). The result will be the reexpression of
the perturbation theory in terms of the full propagator
[13]
At the one-loop level we obtain

d3V(v}=V(v)„„+—,'Tg f in[P D '(co„,p, (n(ro„,p)))]
(2n }

d p=V(v),„„+,'Tg f —31n[P[ro„+p +m (v)+(n(co„,p)&]l .
II

(n'(co„,p}) is to be obtained self-consistently as the
choice of n(ro„, p) that extremizes the effective potential.
This extremization condition is just the Dyson equation,
which is shown in Fig. 3 to one loop. Prom now on, we
suppress the bra and ket and write the solution to the
Dyson equation as n(rv„, p).
We will obtain n(rv„, p) self-consistently within pertur-

bation theory. For a massless theory, the dominant con-
tribution at order A,

N to the polarization tensor comes
from the infrared-divergent diagram shown in Fig. 4.
The small bubbles are one-loop polarization tensors in
the infrared limit:

n'"(co„,k) =m'"(0) =3k,T g d3 1 T2
(2n) aP„+q 4

In this problem we take the infrared limit by setting the
zeroth component of the external momentum to zero and
taking the limit that the spatial components approach
zero: m'"(po=0, p~0)—:m'"(0) (note that in the simple
scalar model the infrared limit is trivial). The infrared
limit of the one-loop polarization tensor is momentum in-
dependent, and we can explicitly sum over N. The result
is an expression for the polarization tensor n(co„,p) as a
function of the propagator which has an efective-mass-
squared m'"(0). Finally, the dominant contribution to
the ring diagrams (Fig. 6) comes from the infrared limit
of this result for n (co„,p):

N -1 loops

FIG. 3. One-loop Dyson equation. FIG. 4. Contribution to the polarization tensor of order A, .

• contributions from all orders(called Daisy diagrams). 
• to resum Daisies,replace 

6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(35)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(36)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(37)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (38)
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cancels between the V(& '(v) and V'( )(v) contributions.
This cancellation also occurs in the standard model.
Now we will show that the next-higher-order correc-

tion is not the two-loop term but the ring diagram contri-
bution (Fig. 2), which is of order A, ~ . It is well known
that the ring diagrams give such a contribution for mass-
less fields, and therefore it seems likely that an order-A,
term will contribute in the limit of small m (v)/T. Physi-
cally, the ring diagrams give contributions from long-
distance effects. In this problem they can be obtained by
going beyond the mean-field approximation at the one-
loop level.
Previously, we shifted the one-point function

P(x)=v+g(x), where P(x) and y(x) are quantum fields
and v is a c number. If we stop at this point, we can ex-
tremize the effective potential with respect to v and ob-
tain the mean-field value of ( v ):

5V(v)
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To go beyond the mean-field level, we need to consider
the effective potential as a function of both v and the
two-point function m(co„,p), and extremize with respect
to v and rr(c)„,p). The result will be the reexpression of
the perturbation theory in terms of the full propagator
[13]
At the one-loop level we obtain
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(n'(co„,p}) is to be obtained self-consistently as the
choice of n(ro„, p) that extremizes the effective potential.
This extremization condition is just the Dyson equation,
which is shown in Fig. 3 to one loop. Prom now on, we
suppress the bra and ket and write the solution to the
Dyson equation as n(rv„, p).
We will obtain n(rv„, p) self-consistently within pertur-

bation theory. For a massless theory, the dominant con-
tribution at order A,

N to the polarization tensor comes
from the infrared-divergent diagram shown in Fig. 4.
The small bubbles are one-loop polarization tensors in
the infrared limit:

n'"(co„,k) =m'"(0) =3k,T g d3 1 T2
(2n) aP„+q 4

In this problem we take the infrared limit by setting the
zeroth component of the external momentum to zero and
taking the limit that the spatial components approach
zero: m'"(po=0, p~0)—:m'"(0) (note that in the simple
scalar model the infrared limit is trivial). The infrared
limit of the one-loop polarization tensor is momentum in-
dependent, and we can explicitly sum over N. The result
is an expression for the polarization tensor n(co„,p) as a
function of the propagator which has an efective-mass-
squared m'"(0). Finally, the dominant contribution to
the ring diagrams (Fig. 6) comes from the infrared limit
of this result for n (co„,p):

N -1 loops

FIG. 3. One-loop Dyson equation. FIG. 4. Contribution to the polarization tensor of order A, .



Incapable standard model
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• Not enough CP violation 
• Could EWSB(h=0 -> h=v) provide thermal 

in-equilibrium?  
• Phase transition required to be first order to 

prevent Baryon washout 
• Standard model provides only second 

order phase transition 



Cooling Down
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Extensions to Higgs

9

Higgs Field @ h D

Ef
fe
ct
iv
e
Po
te
nt
ia
l
@V e

ff
D I. Thermally HBECL Driven

+ H-m 2 + c T 2L h 2 - T Hh 2L3ê2 + h 4

Higgs Field @ h D

Ef
fe
ct
iv
e
Po
te
nt
ia
l
@V e

ff
D IIA. Tree-Level HRen.L Driven

+ h 2 - h 3 + h 4

Higgs Field @ h D

Ef
fe
ct
iv
e
Po
te
nt
ia
l
@V e

ff
D IIB. Tree-Level HNon-Ren.L Driven

+ h 2 - h 4 + h 6

Higgs Field @ h D

Ef
fe
ct
iv
e
Po
te
nt
ia
l
@V e

ff
D III. Loop Driven

+ h 2 - h 4

+ h 4 Log@h 2D

Figure 1. The four methods of obtaining a strongly first order phase transition by inducing a
barrier in the thermal effective potential, which are discussed in this paper. The framed expressions
indicate which term is responsible for the rise or fall of V

e↵

.

freedom. One subset of enhanced symmetries is based on continuous symmetries (or the
parametric limit in which the discrete symmetry enlarges into a continuous symmetry).
One way to understand how the Higgs data rules out this subset is to note that the Nambu-
Goldstone bosons associated with the spontaneously broken continuous symmetries have
couplings to Higgs determined by the kinetic part of the action, and this coupling-induced
decay rate is unsuppressed when the Higgs mass is of the order of v = 246 GeV. Hence,
the Higgs decay to the Nambu-Goldstone bosons exceeds the experimental limits on exotic
decays of the Higgs.

The tension that we present in most of the categorization points to the enhanced dis-
crete symmetry point [14] being the parametric space marker having intuitively the largest
set of model building possibilities for electroweak baryogenesis.

In addition to constraints coming from the SM-likeness of the Higgs, it is also interest-
ing to consider the “anomalies” which may point to beyond-the-Standard-Model (BSM)
physics. One of the most promising anomalies observed at the LHC is an excess of events
in the loop-induced diphoton decay channel of the Higgs. If the excess can be attributed
to the presence of a BSM scalar field running in the loop, then we utilize our classification
to argue that there is a general tension with electroweak baryogenesis if this scalar field is

– 4 –
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Why is Type 1 special? 

• only type where Temperature produces the cubic 
coupling. 

• All other types affect the Higgs tri-linear coupling 
• Requires precision thermal field theory. 



High temperature approximation 
Ring induced phase transition

11

• add new singlet :  
• now, at high T, 
• replacing,                     for an extra singlet 

coupled to the Higgs, 
• you get   
• and then  

6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(35)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(36)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(37)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (38)
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3 Calculate the temperature dependent 1-loop polarization

V T 6=0
CW

=
T 4

2⇡2
J
B

(
M2

T 2
) (16)

and in the high temperature limit,

J
B

(
M2

T 2
) = �⇡2

45
+

⇡2

12

M2

T 2
� ⇡

6
(
M3

T 3
) (17)

V T 6=0
CW

= �T 4

90
+

T 4

24

M2

T 2
� T 4

12⇡
(
M3

T 3
) (18)

Calculate ⇧1(T ) as But this is just

⇧1(T ) =
d2V T

CW

dh2
(19)

substituting expression for V T

CW

we get ⇧1(T ) = R1 +R2 where

R1 =
M2(d2

h

M2)

4⇡2

Z 1

1
dx

p
x2 � 1

exp[�x
p
M2]� 1

(20)

and

R2 = �(d
h

M2)2

8⇡2

Z 1

1
dx

p
x2 � 1(�1 + exp[�x

p
M2](1 + �x

p
M2))

(exp[�x
p
M2]� 1)2x2

(21)

It might be instructive to look at the origin of R1 and R2 before isolating the temperature
dependent part and the sum over Matsubara frequencies ie. do

d2V
CW

dh2
= S1 + S2 (22)

and remember that R1 comes from S1 and R2 from S2

S1 =
1

2(2⇡)4

Z
d4k

(d2
h

M2)

k2 +M2
(23)

and

S2 = � 1

2(2⇡)4

Z
d4k

(d
h

M2)2

(k2 +M2)2
(24)

and hence R1 and R2 seem to contribute to the feynman diagrams A and B respectively

4 Calculate the temperature dependent 2-loop polarization

the 2-loop contributions to the polarization come from the following diagrams(ignoring
for the moment, contributions from the 4-point function after vev-ing two external legs)
Display diagrams 2a 2b 2c and 2d

3



Wait What?

12

• How is high T limit valid? T~ EW scale and so are 

all masses 
• In fact typically the extra scalar is more massive 
• Mass is h dependent.  
• regions where M is small:approximation valid 
• regions where M ~ T, thermal mass small for small 

coupling

6 Complete ⇧
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where y
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=
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following discussion, now
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dy

d�
i
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d�2
i

(38)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.
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dh2
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�
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+ �
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�L = �1
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1

2
�
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4
�
s
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⇧super =
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T

dh
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⇧ =
�
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2
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Problems with 

13

• Thermal mass doesn't decouple as Ms becomes 

massive 
• Thermal mass seems to be h independent 
• Super-Daisy terms not taken into account.
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Fig. 3. A fractal diagram with the repeated Daisy diagram on each 
bubble, called also "superdaisy" diagram. 

Fig. 4. The mass shift as a function of the coupling constant. Solid 
curve: m/ T= X/~g; dashed curve: m/ T=g/ a~N/~f I ( x / ~  )" 

With the imaginary-time formalism, it is claimed [4] that the infrared behaviour is obtained by keeping only 
the n =  0 term in the Matsubara frequency sum. In this case, the region where the propagator is on shell, ko = 
I k l, I k I - '  0, is discarded. If  this is correct for the diagram shown in fig. 2a, this is completely wrong for the daisy 
diagram. 

The main result of  this paper is that it seems reasonable to believe in perturbative calculations. The leading 
infrared series present in our problem, can be summed and give almost no corrections to the perturbative result 
obtained at first order. At higher orders, it should be possible to regularize all the infrared singularities with the 
natural cutoff, m~ = x / ~ T .  However, it would be difficult to disentangle the perturbative corrections from the 
non-perturbative ones, and also those coming from In m terms. Therefore, it seems difficult to go beyond one- 
loop calculations. 

We conclude with the following remarks: 
- In a model with O (N) symmetry,  the dominant  contribution comes from the diagrams with the simple loops 
only (the planar diagrams).  The other diagrams are at least of  order O( 1/N) and may be neglected in the limit 
N ~  [ 12]. Then the relevant diagrams are those shown in fig. 2. Therefore, it is clear that there is no infrared 
problem in a g ~ 4 0 ( N )  model in 4 dimensions in the case of  massless particles, and that complete results can 
be obtained at all orders. 
- Of course, it would be interesting to generalize this discussion to QCD. This is not so trivial since the gauge 
structure of  the gluon propagator is quite complicated. For instance, we know that there are two masses, mag- 
netic and electric, which are associated to transverse and longitudinal modes respectively. Furthermore, these 
masses are quite different if one considers space-like or time-like gluons [ 13 ]. But it is clear that the infrared 
cutoff  we should use for the daisy diagram (which does not have any static limit) in the case of  QCD is ~ g T  
and fortunately this does not change the behaviour of  eq. (26).  Apparently, the breakdown of  the perturbation 
series appears both in the magnetic (static) and in the electric sector, and at the same order. As we have achieved 
in gO 4 the summation of  leading infrared diagrams and found a result which does not change very much the 
result obtained at first order, it could be that, despite the more complicated structure of  the propagator, the 
infrared problem in QCD is not so dramatic. 

I would like to thank R. Baier and M. Le Bellac for helpful comments  and discussions. Partial financial sup- 
port from P R OC OPE ("Projets de Coopdration et d 'Echange")  was appreciated. 
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What we did

15

• Computed thermal mass accurately.(no high-

T expansion) 
• How about new thermal mass after 

substitution? 

• Solved iteratively to take into account super-

daisy

6 Complete ⇧
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Old vs New Thermal Mass

50 100 150 200 250
hHGeVL

3000

4000

5000

6000

7000

8000

9000

PsHGeV^2L

OLD

NEW

vc/Tc(old)



Procedure

17

• Account for accurate thermal mass in 

potential 
• Cool down to find critical temperature 
• is S still stable?,  i.e.  
• is vc/Tc >1
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T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(37)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(38)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (39)

(M2
s

+⇧)3/2 = (�µ2
s

+ �
hs

h2 +⇧)3/2 = �
(3/2)
hs

h3 (40)

�L = �1

2
µ2
s

s2 +
1

2
�
hs

h2s2 +
1

4
�
s

s4 (41)

⇧super =
dV 0

T

dh
[M2 ! M2 +⇧super] (42)

⇧ =
�
hs

2
T 2 (43)

M2
s

+⇧
s

> 0 (44)

5
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Parameter space where ring induced 1st-order 
phase transition feasible

1.4 1.6 1.8 2.0 2.2
lhs

1

2

3

4

5

6

7

lS

1 step:S stable old approx

2 step:S unstable old approx

lSmin

1 step:S stable new

2 step:S unstable new

Ms=270 GeV



RESULTS-IDM
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Parameter space where ring induced 1st-order 
phase transition feasible

MH MA MH+- λL λT vc/Tc(old) vc/Tc(new)

BM1 66 300 300 0.01 0.01 1.5 1.1

BM2 200 400 400 0.01 0.01 1.5 1.2

BM3 5 265 265 -0.006 0.01 1.3 1.0

for vc/Tc(old) refer 1504.05949



Summary
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• FTFT required to handle EWPT 
• in some regimes high T approx not valid 
• Full iteration based computation the way out 
• Leads to drastically reduced parameter 

space for thermally induced phase transition
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The Ring has awoken, 
its heard its masters call


